Introduction
============

To sustain food production for the world's burgeoning human population ([@B76]), there is an urgent need to discover vulnerabilities and adaptive measures in managed ecosystems ([@B42]). It is unequivocal that food security, be either availability, accessibility, utilization, and/or system stability, is dependent on climate ([@B52]). Food security is potentially vulnerable to climate change since climate plays a pivotal role in determining growth, development, and perpetuation of all organisms. Climate is defined as the sum of weather conditions of a given area, quantified as long-term statistics of meteorological variables ([@B119]). These variables include temperature, wind, precipitation, and sunshine hours, all of which are essential for growth, development, and productivity of vegetation and in turn, human welfare.

In recent decades, changes in climate have caused significant impacts on natural and human ecosystems^[1](#fn01){ref-type="fn"}^. These impacts of climate change, irrespective of their cause, illustrate the sensitivity of natural as well as human ecosystems to variations in the function of climatic systems, interaction between its components, or changes in external forces either naturally or due to anthropogenic reasons ([@B46]). Of particular interest here is that agriculture may be jeopardized by climate change ([@B50]; [@B25]), since changes in weather factors have a significant effect on growth of all plant species, including crops and weeds. Rising atmospheric CO~2~ and temperature are expected to pose both direct and indirect consequences for agricultural production, sustainability, water availability and, therefore, food security ([@B105]; [@B25]). However, in many ways, extremes of weather events associated with climate change are a more serious concern from farmers' perspectives on crop management as compared with more subtle changes brought by the actual increases in temperature, CO~2~ levels, water availability and associated weather events. To cope with these extreme changes, future development needs to make adjustments in technology, management practices, and legislation ([@B11]).

At the more subtle level, it is recognized that weeds are aggressive, troublesome, and competitive elements within croplands. Contrary to other pests, weeds share a similar trophic level with crop plants, and by competing for scarce resources they cause enormous crop yield losses. The focus of this paper is on the dynamics of weed-crop competition and how they are influenced by climate, since this has important regional and global implications for food production. For example, the incessant rains during the *kharif* season (June--September) in India have made weed management a challenge, particularly in soybean-based cropping systems. Abrupt changes in climatic variables are likely to result in stressed crop plants, which are vulnerable to attack by insect pests and pathogens ([@B94]), and makes them less competitive against weeds ([@B79]). It is important to note here that this area is extremely complex, as is shown by the work of [@B26], who found that higher temperatures increase pesticide cost variance for maize (*Zea mays* L.), potatoes (*Solanum tuberosum* L.), and wheat (*Triticum aestivum* L.), while decreasing it for soybeans (*Glycine max* (L.) Merr.). They also reported that rainfall was directly proportional to unit land pesticide usage costs for these crops in the USA.

With a lack of precise information on the effects of climate change on agricultural pests, understanding of this issue remains a major obstacle for remedial measures. The ecological, environmental, and economic costs of not understanding these interactions can be substantial ([@B132]). These authors provided a comprehensive review of work done on weeds in a changing climate, with a particular emphasis on the vulnerabilities of crops and cropping systems to weed pressure in changing climate regimes.

Climate Change and Weeds
========================

The current atmospheric burden of the two most important greenhouse gases (carbon dioxide and methane), are unprecedented ([@B87]) and have emerged as the greatest ecological challenge of the 21^st^ century ([@B50]). The impact of climate change on weedy vegetation may be manifested in the form of geographic range expansions (migration or introduction to new areas), alterations in species life cycles, and population dynamics. Migration of weeds will subsequently result in a differential structure and composition of weed communities within natural and managed ecosystems. Through the lens of climate change, [@B85] outlined three distinct types of shifts in weedy vegetation (range, niche, and trait shifts), occurring at different scales (landscape, community, and population scales), respectively. Changes in weed biology, ecology, and interference potential, in the wake of climate change, will result in complex crop-weed interactions that necessitate alternative adaptive mechanisms. There is a general perception that climate change will result in a differential growth pattern between crops and weeds, as major weeds of the world have the C~4~ pathway and they will become more competitive, although this is certainly not a simple matter due to the adaptive mechanisms in weedy species.

Weed Response to Increasing CO~2~ Levels
----------------------------------------

There is an ever-growing consensus that the earth's climate is changing, and despite the efforts made to reduce CO~2~ emissions, there is an increasing pressure to identify adaptive mechanisms in agro-ecosystems ([@B42]). The record of atmospheric CO~2~ obtained from Mauna Loa observatory at Hawaii indicated a 20% increase from 311 ppm in the mid-1950s to 375 ppm in 2001 ([@B51]), even though Mauna Loa and other global monitoring sites are situated in areas well away from regions of rapid CO~2~ production. Previous studies have quantified a difference of 80 ppm in the CO~2~ concentration between urban and suburban areas ([@B44], [@B45]; [@B121]). This observation suggests that although data from Mauna Loa observatory mirrors the global increase, regional increases may be even more substantial due to rapid urbanization and intensive cropping, especially in Asia. This increase will continue in the near future, with estimates suggesting that it may reach 600 ppm ([@B101]), while the Inter-Governmental Panel on Climate Change have suggested, as a conservative estimate, 700 ppm by the end of the century ([@B47]).

The projected increase in atmospheric CO~2~ is known to favor net photosynthesis in C~3~ plants (three quarters of global agriculture is represented by C~3~ crops; [@B53]) by limiting the loss of CO~2~ via photorespiration and increasing the CO~2~ concentration gradient from air to the leaf interior ([@B122]). By contrast, plants with a C~4~ photosynthetic pathway manifest little response to elevated CO~2~ as they have an internal mechanism to concentrate CO~2~ at the site of CO~2~ carboxylation. Thus, from this perspective, ongoing increase in the atmospheric CO~2~ concentration will have crucial implications for weed-crop competition and crop yield losses. Numerous studies have addressed weed-crop interactions by evaluating the comparative growth and physiology of C~3~ crops and C~4~ weeds, and concluded that an elevated CO~2~ concentration generally favors the vegetative growth of C~3~ plant species over those with C~4~ pathways ([@B79]). However, not all crops are based on C~3~ pathways, and not all weeds are C~4~ based ([@B135]). Hence, while the above concept is relevant for C~3~ cereals such as rice, which compete, in the main, with C~4~ grassy and broad-leaved weeds, this situation is not universal. There are many C~4~ crops of economic significance, such as maize, sugarcane, and sorghum, which have competition from important C~3~ weeds, for example, *Chenopodium album* L. ([@B122]). This implies that weed-related yield losses of C~4~ crops will tend to increase under elevated CO~2~, but this will not occur with C~3~ crops, as elevated CO~2~ will be a crucial factor in realizing the potential benefits of CO~2~ fertilization.

Notwithstanding this understanding, the abundance and appearance of weeds varies according to regions, crops, and management systems, which complicates management approaches. For example, *Phalaris minor* Retz., a C~3~ species, is a problematic weed in wheat in the Indo-Gangetic Plains of North India. The C~3~ weeds in other areas include *Avena fatua* L., *Chenopodium album* L., *Cirsium arvense* (L.) Scop., *Convolvulus arvensis* L., and *Ludwigia hyssopifolia* (G. Don) Exell. Weedy rice (*Oryza sativa* L.) is also a C~3~ weed in rice in many Asian countries, including Vietnam, Sri Lanka, Malaysia, Thailand, the USA, and the Philippines ([@B27]; [@B23]). The third important grain crop, maize, is a C~4~ species, and as noted, although there were some variations in the experimental conditions, C~3~ species generally responded more favorably than C~4~ species to an increased concentration of CO~2~ ([@B79]). Of further interest is that [@B131] indicated a greater physiological plasticity and genetic diversity among weedy (red) rice relative to cultivated rice, which may impact weed-crop competition with increased atmospheric CO~2~.

It is becoming clear that predicting competitive outcomes based on species grown in isolation, may not adequately quantify crop-weed competition as a function of increasing CO~2,~ as weeds usually occur in a mixture ([@B123]). Therefore, there is a need to evaluate the effects of weed competition on crops in an environment of mixed of weeds and crops since most of the studies on the effect of CO~2~ on crops and weeds have included weed and crop species in isolation. Only a few studies have examined the response of crops and weeds to CO~2~ in competitive environments ([@B124]) and a very little attention has been given to the effect of elevated CO~2~ on the geographical distribution of weeds in managed ecosystems ([@B66]). In a study by [@B135], an increase in CO~2~ concentration resulted in a significant decrease in plant relative seed yield of a cultivated rice (C~3~ crop species) variety, but the reverse for a weedy rice biotype, also a C~3~ species. It is thought that this was probably due to a greater physiological plasticity and genetic diversity between a wild and cultivated lines ([@B109]).

[@B126] opined that the increase in atmospheric CO~2~ might also change the biology of invasive weeds. Presumably, an increase in CO~2~ concentration stimulated growth and development of many invasive plant species, for example *Cirsium arvense* L., an invasive perennial C~3~ weed species, had registered a 70% increase in growth with elevated CO~2~ ([@B126]). The authors suggested that increasing CO~2~ levels may also increase wind dispersal of weed seeds by either increasing the height of the weed plant or by increasing the plant size. Some of these wind-dispersed invasive weed species are *Cirsium arvense. Sonchus arvensis* L., *Sonchus oleraceus* L., and *Carduus nutans* L.

Changes in weed communities in response to crop establishment methods, wet or dry moisture conditions, tillage regimes, and other management practices are well established in the literature ([@B72]; [@B92]). Nevertheless, very few studies have focused on changes in weed communities in the backdrop of elevated CO~2~ ([@B55]). Variations in the weed competitiveness response to elevated CO~2~ among diverse lines of rice may necessitate screening of vulnerable and resistant cultivars for wider adoption. Although rice could benefit from CO~2~ fertilization, the greater response of its wild relatives, particularly the weedy biotypes of rice, could offset the associated benefits and competitive outcomes as crop yield losses could increase ([@B125]).

Herbicide efficacy may also decrease as CO~2~ concentrations increase ([@B133]; [@B128]). An increase in CO~2~ induces morpho-physiological and anatomical changes in plants affecting the rate of uptake and translocation of herbicides ([@B133]; [@B63]). C~3~ plants showed a decrease in stomata number and conductance and increased leaf thickness, which might interfere with foliar uptake of herbicides ([@B73]; [@B1]), as well as an increase in starch accumulation on the leaf surface ([@B79]). Moreover, perennial weeds may become even more noxious, if vegetative growth is stimulated as a result of increased photosynthesis in response to elevated CO~2~. These changes are expected to reduce the efficacy of the most commonly used herbicides, such as glyphosate, due to a dilution effect, although the precise mechanism conducive to increased tolerance to glyphosate remains elusive ([@B63]). This could be due to less translocation as the root system becomes vigorous. In addition, an increase in the root-shoot ratio may play a critical role in herbicide efficacy ([@B128]). The authors concluded that CO~2~-induced increase in root biomass could make perennial weeds harder to control in a higher CO~2~ environment. Thus, research is needed to assess the comparative growth and physiological response of C~3~ and C~4~ weeds of different age groups (seedlings or mature plants), and their molecular and biochemical bases to herbicide tolerance under ambient and elevated CO~2~ concentrations. Allocation of resources to below ground parts, source-sink relationships, and mitochondrial respiration also need to be reassessed in the wake of climate change scenarios.

Weed Response to Elevated Temperature
-------------------------------------

Atmospheric temperature is regarded as an important indicator of weed species distribution in a geographical area ([@B84]). Its rise could alter weed proliferation and competitive behavior in weedy vegetation as well as in crop stands. The indicated likely climate change may favor C~4~ over C~3~ weeds ([@B111]), since under conditions of elevated CO~2~, reduced CO~2~ solubility, and decreased affinity of RUBISCO for CO~2~ would deter C~3~ photosynthesis ([@B79]). As a result, a variation in weed distribution will affect the world's most important cropping systems, for example, rice-based cropping systems through weed shifts to high latitudes and altitudes. In addition, *Striga* spp. might extend their range to moderate climatic zones ([@B69], [@B68]). However, *Striga asiatica* (L.) Kuntze is relatively insensitive to temperature, and changes in the geographical range of the host plants seem to play a critical role in its distribution rather than the direct effects of temperature ([@B83]). If this concept is generalized for all parasitic weeds in the Orobanchaceae ([@B89]), these weeds could pose a serious threat to global crop production, especially in fodders, in the near future. Many C~4~ weeds, such as *Amaranthus retroflexus* L., *Setaria* sp., *Digitaria* sp., *Sorghum halepense* (L.) Pers., and *Paspalum dichotomiflorum* (L.) Michx., are expected to expand further north ([@B117]; [@B28]), which would have a more pronounced effect in the northern Europe, where the number of weed species is lower than in the south ([@B34]). Milder and wetter winters would tend to increase the survival of winter annual weeds, while thermophile summer annuals will grow more profusely in areas with warmer summers under prolonged growing seasons, enabling them to grow further north ([@B114]; [@B39]).

[@B79] predicted that climate change would spread arable weed species. For example, *Datura stramonium* L., which needs high temperature for profuse growth ([@B21]), would become a more competitive candidate under the climate change scenarios. Warm temperature regimes augmented the abundance of *Hieracium aurantiacum* L. in Australia through accelerated growth and reproduction ([@B17]).

Under warmer conditions, *Setaria viridis* (L.) P. Beauv. germinated later in the (August) season ([@B30]). This was a beneficial temporal non-synchrony with emergence of a maize crop, avoiding crop-weed competition. In contrast, a recent study indicated that this species would be a problematic weed in maize-based cropping systems elsewhere, through synchrony with maize emergence, which is probably due to stimulation by increased temperature ([@B86]). Therefore, *S. viridis* would become a competitor of maize at enhanced temperatures at the time of emergence. This has implications for the northern part of the Central Europe, where temperatures are still below the optimum for this species ([@B114]). Similarly, *Rottboelliia cochinchinensis* (Lour.) Clayton could invade the central Midwest of the USA and California from Gulf Coast states, with a 3°C rise in temperature ([@B79]). If new weeds are introduced into a non-native area, new and effective herbicides may be needed.

[@B59] opined that increased temperature had a greater effect on plant phenological development than elevated CO~2~. The author observed that increasing temperature by 4°C advanced the emergence timing of *C. album* and *S. viridis* by 26 and 35 days, respectively, and flowering time by 50 and 31.5 days. Increased temperatures strongly affected the biomass accumulation by annual grass species during their reproductive phase as compared with the vegetative phase, and such effects are more pronounced in C~3~ than C~4~ plant species. However, the increased temperature was believed to offset potential benefits of elevated CO~2~ by reducing the reproductive output. The uptake and translocation of herbicides in plants and their persistence in soil will also be affected by rising temperatures ([@B96]). In addition to these effects, temperature will also affect the rate of water absorption and movement, which affects the rate of leaf development, cuticle thickness, and stomatal number and their aperture, thus indirectly affecting herbicide selectivity and efficacy ([@B6]; [@B22]; [@B96]).

Weed Response to Variation in Rainfall and Drought Spells
---------------------------------------------------------

A variation in rainfall pattern and increased aridity consistent with a warming climate, could alter weed distribution and their impact on crop production. In the near future, aridity is expected to increase in many agronomically important areas, since an anticipated increase in temperature (1--5°C) is expected with each doubling of the atmospheric CO~2~ level. Rising temperatures also causes greater evaporation, and global trends in rainfall variability suggest that the monsoon regions will become drier ([@B37]), leading to a 5--8% increase in drought-susceptible areas ([@B96]). Trends in future rainfall prediction are difficult to predict, except to forecast more erratic rainfall and consequently, drought and flood would become recurrent phenomena. Under such a scenario, the distribution and prevalence of weeds will be problematic in crop ecosystems, and in particular summer droughts will affect weed management in spring-sown crops ([@B86]). [@B97] postulated that under prolonged drought spells, C~4~ and parasitic weeds like *S. hermonthica* will thrive better. Under excess water environments, weeds such as *Rhamphicarpa fistulosa* (Hochst.) Benth. will be favored. A change in rainfall patterns would favor hydromorphic weeds while prolonged drought spells will benefit C~4~ over C~3~ weeds. Under rainfed or dryland environments, little or no rainfall will hamper adequate land preparation for wet season rice as a result of limited water availability for flooding, especially early in the season when the rice is most susceptible to weed competition. This will limit traditional weed management in flooded rice and necessitate the use of herbicides. Rice yield losses are expected to be higher under such circumstances. [@B5] emphasized that drought-tolerant rice cultivars would be required to prevent water stress-induced yield losses and to increase rice competitiveness against weeds under rainfed conditions. A change from transplanting to direct seeding of rice, in relation to water saving in South Asia, has already resulted in increased weed competition and changed weed dynamics ([@B64]).

Competition of cotton with *Abutilon theophrasti* Medic. and *Anoda cristata* (L.) Schltdl. increased under drought conditions ([@B81]). A yield reduction due to *Xanthium strumarium* L. was more pronounced in well-watered soybeans compared with water-stressed soybeans ([@B71]). An increase in rainfall provided greater competition to wheat growth and yield against *C. arvense* ([@B31]). According to [@B79], weed competition had little effect on crops under water deficit conditions, as the potential crop yield was already reduced by water stress. This was confirmed by [@B24], who showed that rice could not survive under water stress conditions. By contrast, *Amaranthus spinosus* and *Leptochloa chinensis* (L) Nees survived under water stress conditions and produced a significant number of tillers/branches and leaves even at the lowest soil water content.

Increased rainfall frequency and intensity will have an adverse effect on uptake, retention, and activity of soil-applied herbicides ([@B6]; [@B96]). Increased cuticle thickness and leaf pubescence in response to drought, will reduce herbicide entry into leaves ([@B79]). These attributes can also affect growth and recovery of crops and weeds following herbicide application. Increasing aridity and drought will increase herbicide volatilization, and, moreover, frequent rain showers will reduce the "rain safe periods" available for herbicide application in a given cropping system posing multidimensional challenges for weed management. An unprecedented increase in rainfall (either as a single rain event or annually) may promote leaching of soil-applied herbicides, and subsequent ground water contamination ([@B35]). A general conclusion that can be drawn from the above discussion is that an increase in rainfall would lead to additional weed pressure, thus increasing the herbicide costs and overall cost of production of major crops.

Weed Response to the Interactive Effects of Climatic Variables
--------------------------------------------------------------

Climate change causes extinctions and alters species distributions of flora and fauna, and exerts inescapable impacts on various antagonistic and mutualistic interactions among terrestrial species ([@B112]). As noted earlier, the conventional concept that CO~2~ enrichment favors C~3~ plant species over C~4~ by stimulating net photosynthesis, is modified by other associated climate variables affecting this (simple) response ([@B91]; [@B40]). The interactive effect of the CO~2~ enrichment will affect weed-crop competition simultaneously or sequentially in a complex manner, quite differentially from its effect on the photosynthetic pathway alone. Past research on climate change has focused on manipulating the plant response to the CO~2~ concentration and not on the associated increases in temperature or drought ([@B19]; [@B36]). These anticipated changes in temperature and moisture projected under changing climates ([@B47]) have obvious implications for germination and the spatial and temporal emergence of weed seeds and seedlings, which require more holistic investigation. For example, dormancy, which is considered one of the major constraints to weed emergence, is expected to be broken earlier or sooner due to greater moisture availability and warmer temperatures ([@B74]; [@B48]). Dormancy cycles observed in some species are known to be regulated mainly by soil temperature in temperate environments where water is not seasonally restricted ([@B7]), irrespective of their CO~2~ response. [@B115] and [@B116] demonstrated that the combined effects of soil water and nutrient stress limited the response of C~3~ plants to elevated CO~2~, but not C~4~ species. [@B10] suggested that water availability is a crucial factor that mediates species and community responses to rising CO~2~ concentrations. Information regarding the interactive effects of elevated CO~2~ with sub-ambient temperatures in either C~4~ weeds or crops is scarce. Few studies are available that have examined the growth and reproductive response of C~3~ weeds to the combined effect of temperature and CO~2~. Weeds like *Senna obtusifolia* and *Anoda cristata* exhibited a higher range of growth stimulation under elevated CO~2~ and temperature, however, other weeds (*Triticum repen* L. and *Abutilon theophrasti*) did not respond similarly ([@B82]; [@B110]). Moreover, differential enhancement of C~3~ crops and weeds by elevated CO~2~ at sub-optimal temperatures should receive attention. [@B2] found that competitiveness of a C~3~ crop species (rice) relative to a C~4~ weed species (*Echinochloa glabrescens* Munro ex Hook.f.) could be enhanced by elevated CO~2~ alone, but a simultaneous increase in CO~2~ and temperature still favored the weed. Remarkably, the interactive effect of CO~2~ with water availability has been exclusively studied for crop species ([@B113]; [@B18]), with little emphasis placed on quantifying differences between crops and weeds of the same photosynthetic pathway. [@B78] found that rising CO~2~ levels favored the growth of both a C~3~ crop (soybean) and C~4~ weeds \[*Echinochloa crus-galli* (L.) P.Beauv., *Eleusine indica* (L.) Gaertn., and *Digitaria ciliaris* (Retz.) Koeler)\] by improving water-use efficiency under drought, although greater growth stimulation in the C~3~ crop was expected. Studies reporting the interactive effects of rising CO~2~ levels, drought, and weed-crop competition are not common. It could be speculated that if CO~2~ decreases, the water requirement of C~4~ weeds relative to C~3~ crops, C~4~ weeds could still potentially compete successfully with C~3~ crops under a high CO~2~/drought situation ([@B54]). Ironically, few studies have focused on how CO~2~-induced changes in phenological development could be modified by other climatic factors such as water supply and/or temperature ([@B107]).

The opinion of [@B98] that rising temperature and CO~2~ levels could make crop plants less competitive with weeds, together with a similar prediction a decade later by [@B118] that weeds would benefit more than cash crops, were both found to be true. *Amaranthus retroflexus* produced more seeds in barley cropping, albeit the growth of barley as well as the weed was reduced in southern Finland ([@B43]).

[@B80] found growth stimulation in soybean and two associated weeds \[*Senna obtusifolia* (L.) H. S. Irwin and Barneby and *Crotalaria spectabilis* Roth\] with increasing CO~2~ to 675 ppm in Hoagland's solution. [@B120], while investigating the effect of nutrient and CO~2~ on weed-crop competition using a C~3~ crop (rice) and a C~4~ weed (*E. crus-galli)* model system, found a proportionate increase in rice biomass compared with *E. crus-galli* (in response to 200 ppm increase in CO~2~) under an optimum nitrogen supply. In contrast, at a sub-optimum nitrogen level, elevated CO~2~ reduced the competitive ability of rice against *E. crus-galli*. Hence, an increase in atmospheric CO~2~ will exacerbate rice yield losses under low soil nitrogen status, owing to C~4~ weed competition. Systemic investigations are needed to appraise the interactive effects of key environmental variables on different weed species and communities under diverse ecosystems.

Several modeling studies do not account for the impacts of an increased climatic variability ([@B111]; [@B75]) which is a necessity in weed-crop interactions under the climate change scenario. It is a general perception that the only role of the endogenous process has been emphasized in the weed population dynamics models, which ignores exogenous variables such as climate ([@B60]). The authors considered that the population dynamics of weeds are a function of ecological interactions within and between plant populations, nutrient and water limitation, rainfall, temperature and stochastic forces. Using a reproduction function (*R*-function), they concluded that interactions between endogenous and exogenous factors are important for management of weed and invasive plants and climate change mitigation. Since predicting the impact of a weed under cultivated conditions at local scale requires a process-based modeling approach integrating local environmental conditions with the differential responses of the crop and weeds, [@B108] have developed a simulation model for winter wheat and a competing weed *Alopecurus myosuroides in UK.*

Herbicide-Climate Interactions
------------------------------

Herbicide effectiveness is dependent on the local climate/microclimate, and herbicides are no exceptions, particularly foliage applied post-emergence ([@B56]). A rise in temperature will increase volatility of certain herbicides such as trifluralin, rendering it less efficient. In the 1970s, rapid volatilization of surface-applied alachlor, butachlor, and propachlor occurred from continuously moist soils exposed to a constant 21°C ([@B9]). Temperatures (day/night 32/22°C and 26/16°C) were not as critical as that of relative humidity in influencing acifluorfen (diphenylether group) phytotoxicity on *Xanthium strumarium* L. and *Ambrosia artemisiifolia* L. ([@B95]). However, temperature had a significant effect on the degradation of imazapyr (imidazolinone group), flumetsulam (sulfonanilide family), and thifensulfuron (sulfonylurea group) in soil ([@B67]). Glyphosate absorption is dependent on the atmospheric temperature, as evident from *Desmodium tortuosum* (Sw.) DC., a C~3~ weed ([@B104]). An increase in temperature or relative humidity increased the efficacy of mesotrione on *X. strumarium* and *A. theophrastii* three-fold ([@B49]). The efficacy of the herbicide pyrithiobac (pyrimidinylthiobenzoic acid group) on *Amaranthus palmeri* L. was reduced at temperatures outside the range of 20-34°C ([@B62]). [@B3] found that relative humidity had the most significant effect on the phytotoxic action of glufosinate-ammonium, since this is attributed to changes in cuticle hydration and droplet drying ([@B93]). Studies under controlled environmental chambers in Australia using varying night/day temperatures of 5/10, 15/20, and 20/25°C showed that *Raphanus raphanistrum* L., grown under cooler temperatures of 5/10°C, was poorly controlled with 1,200 g ai ha^-1^ of glufosinate. By comparision, 100% mortality was achieved under 15/20 and 20/25°C for the same dose ([@B57]), suggesting enhanced efficacy of glufosinate under enhanced atmospheric temperature.

Implications of Climate Change for Weed-Crop Interactions
=========================================================

Uncertainty in agricultural productivity under a climate change scenario, can be the result of plant-plant interactions through direct effects of a change in temperature and atmospheric CO~2~, or indirect effects at the system level through shifts in crop--weed interactions ([@B36]) and other biotic stresses.

Shifts in Weed Abundance, Distribution, and Competitive Balance
---------------------------------------------------------------

Under ambient conditions, water availability and temperature are the principal determinants of species distribution ([@B84]), but there is the recent addition to this list of CO~2~ concentrations through the lens of climate change ([@B79]; [@B25]). The changing climate variables may either increase the distribution range of weed species in response to a change in atmospheric temperature, or allow some non-potent weeds to dominate weed abundance as crop-weed interactions may increasingly favor C~3~ weeds ([@B8]). Other than geographical distribution, the projected climate change might impact their population biology ([@B84]; [@B130]), causing them to move to new areas lying at higher altitudes and latitudes ([@B79]; [@B127]). Such effects have been proposed for *Striga* sp., which are expected to extend their geographic range ([@B69]). Climate change will alter the distribution of plant species and overall functioning and productivity of ecosystems. For example, increased abundance of woody vines as a consequences of rising CO~2~ levels has been associated with an increased tree mortality and reduced tree regeneration in forests throughout the world ([@B88]). Similarly, an increase in parasitic weeds would become a serious threat to productivity of rice and sorghum crops under rainfed agriculture ([@B96]). According to [@B41], most of the troublesome C~3~ and C~4~ weeds of the arable land are limited to tropical and subtropical regions, primarily due to low temperatures at higher latitudes. Preliminary data showed an increased tolerance in many weeds to low temperatures under elevated CO~2~ ([@B12]), which suggests the possibility of polar-ward expansion for many weed species ([@B15]; [@B66]; [@B127]).

Species either have to adapt *in situ* to new climatic conditions or undergo shifts in their distribution to more favorable locals. [@B66] proposed that if climate change forecasts are realized, damaging endemic weed species of major cropping systems might experience a significant transformation in their host range, besides an overall increase in the chance of invasion by exotic invasive weed species. Besides agronomic weeds, there are also certain non-native weeds whose introduction to new areas can pose ecological and environmental hazards ([@B70]). Several studies have demonstrated that such weeds often benefit from carbonaceous fertilization ([@B90]; [@B10]; [@B129]). It is believed that under a climate change scenario, these invasive plants would be able to extend their geographic range as well as spread to new areas, including currently agriculturally productive regions ([@B127]). An expansion in the geographic range proposed for weeds such as *Lonicera semperviens* L. and *Pueraria lobata* (Lour.) Merr. in the past has now become a reality ([@B79]). Range expansion of arable and invasive weeds in connection with climate change must be studied as an integral part of crop-weed interactions.

In a composite stand of weeds in a cropped field (C~3~ and C~4~ plants), dynamics in insurgence and shifts of the weed populations in favor of specific species is expected over time ([@B29]). These authors further argued that climate change is likely to trigger differential growth in crops and weeds and will have significant implications for weed management across crops and cropping systems. The abundance, competitive ability, and survival of perennial weeds are expected to be higher, since a rise in CO~2~ stimulates tuber and rhizome growth ([@B22]). Climate change will result in a greater frequency of extreme weather events such as frequent droughts and cold spells, so that weeds with less phenotypic plasticity may experience population declines ([@B85]). Lack of rainfall and prolonged drought will limit growth of arable crops and pastures, resulting in a lack of vegetation cover and bare ground, thus allowing invasion by more resilient drought-tolerant weeds. Increasing CO~2~ could alter the competitive balance in a weed-crop mixture through its effect on photosynthesis and stomatal physiology, which is linked with the competitive balance between crops and weeds in a cropping system ([@B2]). The range of growth stimulation in response to elevated CO~2~ needs to be determined for both crops and weeds with contrasting carbon fixation pathways, growing in variable densities and species compositions. Under conditions of higher temperature and drought, C~4~ weeds such as *A. retroflexus* tend to dominate C~3~ crops (e.g., soybean). The infestation of *P. minor* is expected to worsen in wheat fields with CO~2~ increase ([@B61]). Likewise, weedy rice will compete more strongly with cultivated rice ([@B135]). Exploring differential mechanisms and responses that govern the success of weeds to invade new areas/cropping systems and their ability to utilize growth resources, will be helpful in understanding the implications of rising CO~2~ levels on plant-plant interactions. This also requires characterizing their damage niche ([@B66]).

Effectiveness of Weed Management and Adoption of Best Agronomic Practices
-------------------------------------------------------------------------

Climate change will indirectly affect the adoption and success of weed management strategies. Looming water crises have been recognized as a major threat to agricultural productivity ([@B100]) notably in irrigated rice ([@B106]; [@B33]) with long-term consequences for regional and global food security ([@B16]; [@B102]). Water requirements of irrigated rice are approximately 2--3 times higher than for any other upland cereal ([@B14]; [@B13]; [@B77]). Aerobic rice is a potential water-use efficient production system, but a high weed infestation (up to 90% yield reduction; [@B38]) has threatened its sustainability, which demands efficient and cost-effective weed management techniques ([@B4]). Frequent drought spells and erratic rainfall will affect productivity and sustainability of upland and low land rice production systems. There will be a trade-off between water-use efficient rice production methods and weed management. In upland rice, drought tolerance will be needed not only to cope with water scarcity but also to safeguard production losses against weeds by maintaining or improving a competitive edge ([@B5]). In aerobic or dry-seeded rice, the switch over from transplanting in respect of water saving, induces qualitative and quantitative changes in rice weed flora ([@B64]). The inherent size differential of transplanted rice seedlings in conjunction with flooded environments provided a distinct competitive advantage, i.e., an earlier growth and germination over a wide range of weed species that otherwise are quite problematic in aerobic rice. With a dwindling water supply and more severe drought spells, flooding will not be available as a potential weed management tool in the near future. Hand weeding was 35% higher when the flooding regime was altered from permanent to temporary flooding ([@B58]). This means that farmers lacking alternate means and resources to combat weeds will suffer significant yield losses. Moreover, dry tillage practices, alternate wetting and drying regimes, and extended periods during which soil is not flooded, will result in the insurgence of non-native and difficult-to-control weeds ([@B25]). Under drought conditions, rice (C~3~) is already a poor weed competitor ([@B99]) and will be under greater pressure due to increased competition from C~4~ weeds, which comprise the majority of weed flora infesting rice fields ([@B20]). In rainfed rice, a lack of rainfall early in wet seasons may compel farmers to adjust their timing of land preparation and subsequent planting. This might affect synchronization of rice sensitive growth periods with emergence and active growth period of troublesome weeds. Hence, it seems that strategies aimed at mitigating climate change effects on crop production like drought-tolerant rice germplasm and water saving rice cultivation, will also have implications for weed management ([@B96]).

Increasing interest in conservation agriculture has created a reliance on glyphosate for weed management ([@B103]), and the continuous use of this herbicide may result in evolution of resistant biotypes of major weeds. In wheat, resource conservation technologies, such as no-till systems, have emerged as an important breakthrough ([@B32]). However, adoption of no-till approaches which are characterized by minimal soil disturbance, may affect the abundance and floristic composition of weeds ([@B65]). Hardy weeds, such as *Rumex* sp., are expected to be higher in zero-till wheat fields ([@B25]).

[@B134] and [@B133] have shown that herbicides (e.g., glyphosate) will be rendered less effective against weeds under CO~2~ levels anticipated in the near future. Increased tolerance to glyphosate under elevated CO~2~ has been recorded for both agricultural and invasive weed species ([@B132]). These alarming findings revealed a sustained increase in photosynthesis and growth of perennial weeds such as *Elymus repens* (L.) Gould. with a concurrent decrease in herbicide efficacy and increased potential of invasion and competition ([@B133]). Differential tolerance to glyphosate exhibited by certain weeds under elevated CO~2~ is also an issue. Whilst the response of weeds such as *A. retroflexus* was not affected by elevated CO~2~, *Chenopodium album* and *Cirsium arvensis* manifested a significant glyphosate tolerance ([@B134]; [@B128]). A variable response to glyphosate was observed even for invasive grass species possessing the same carbon fixation pathway ([@B63]). Hence, it can be inferred that some weeds will be more problematic in the near future in glyphosate-tolerant crops or under conservation agriculture. Another difficulty will be the knockdown of perennial weeds if glyphosate efficacy is reduced due to climate change. An increase in rhizome and tuber growth, coupled with an increase in biomass, would cause a dilution effect on any herbicide application, causing an increase in weed control costs. Direct effects of climate change on plant physiology, anatomy, and morphology will indirectly affect herbicide efficacy by influencing uptake, translocation, and metabolism. Changes in physical environments, such as drought spells or prolonged rainy seasons, may limit the field conditions necessary for herbicide applications. Climate change will have implications for all dimensions of chemical weed management including application, spray drift, persistence, metabolism, and herbicide efficacy. This justifies diversifying current weed management tactics as well as the urgency of a sound knowledge regarding the ecology and biology of weeds in a changing climate.

After a catastrophic climatic events such as drought or flood, weeds will have a greater chance to colonize and invade disturbed habitats. Chemical control measures may become less effective due to a change in the external environment (drier and warmer conditions) or changes in anatomy, growth physiology, and phenology of the target weed flora ([@B25]; [@B132]). Asexual reproduction through below-ground parts is always conducive to spread, irrespective of water availability. Extremes of moisture availability, viz., flood as well as drought, hinder physical management methods such as hoeing, inter-cultivation, etc. It seems that growers will have to carefully synchronize the timing of their control measures with the weed life cycle since these will also respond to climate change. The opinion of [@B22] that adaptive responses should be based on a better knowledge on how plant communities will respond to climate change rather than *ad hoc* responses, is therefore valid in the current context.

Conclusion and Future Research Needs
====================================

Research is needed to unravel whether the so-called CO~2~ fertilization could compensate for other negative effects of climate change on crop-weed competition. Moreover, the response of agricultural and invasive weeds to other climatic factors and associated parameters such as temperature, drought, rainfall, and an extended growing period should be explicitly assessed in conjunction with an anticipated rise in CO~2~ concentration to predict a wider picture of competitive outcomes in managed and natural ecosystems. The effect of climate change on the geographic distribution of invasive weeds will be a subject of interest in the near future. Research efforts are also needed to explore the adaptive mechanisms/practices to facilitate crop production with changing conditions under climate change scenarios and, at the same time, asses their effectiveness, required time span, and economic and ecological costs.

Climate change is a looming global crisis and its impacts on agricultural weeds have not been well explored. Conventional thinking around carbon pathways in plants and nutrient management in crops could partially solve the climate change implications, but weed problems could also be aggravated in the wake of increasing CO~2~ concentration, high temperature, and most significantly by water stress. These conditions might necessitate the adoption of new agronomic practices to enhance weed competitiveness. As crops and weeds share the same trophic level, the stimulatory or inhibitory behavior of the climate variables on crops should generally hold true for weeds. An increase in atmospheric temperature was found to favor weed growth as well as herbicide efficacy. Although there is a dominance of C~4~ weeds in agriculture, C~3~ and C~3~-C~4~ intermediate pathways of prominent weeds would pose severe crop-weed competition in the years to come. Importantly, due to species interaction, there is a need to study all possible combinations of plant-weed carbon fixation pathways, C~3~ crops and C~3~ weeds, C~4~ crops and C~4~ weeds, C~3~ crops and C~4~ weeds, and C~4~ crops and C~3~ weeds, while studying the impact of climate change on crop-weed competitive interactions. Several weeds will exert additional pressure for crop-weed competition under the climate change scenario. More adaptive research studies, including complex research conditions, could yield useful solutions for managing yield reduction in the ensuing decades.
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